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a b s t r a c t 
This paper proves that, given a Load-Induced Thermal Strain (LITS) curve able to accurately describe the uniax- 
ial LITS development for a specific type of concrete and temperatures up to 500 °C, a more accurate prediction 
of the 3D LITS state is obtained through a confinement-dependent 3D implementation than through the classic 
confinement-independent approach. In particular, a new model is presented, obtained by extending to 3D a fourth 
order polynomial LITS derivative function in a way that allows the effects of the stress confinement to be taken 
into account. For comparison purposes, the same fourth order polynomial LITS derivative function is also imple- 
mented in 3D through the classic confinement-independent modelling approach. These constitutive relationships 
are adopted to model transient experiments performed on concrete subjected to constant uniaxial and biaxial 
compressive loads. The results show that the confinement-dependent modelling approach gives a better predic- 
tion of the LITS state developing in the case of biaxial compression than the classic confinement-independent 
approach. Finally, the validated confinement-dependent model is applied to evaluate the LITS-related stress re- 
distribution taking place in a typical Prestressed Concrete Pressure Vessel (PCPV) subjected to heating to 500 °C 
and cooling back to the normal operating temperature of 50 °C. It is found that including the effects of three 
dimensional LITS behaviour has significant effects on the predicted stress states. 
© 2018 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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0. Introduction 
When heated in the absence of mechanical load, concrete exhibits
n isotropic expansion usually referred to as Free Thermal Strain (FTS).
owever, experimental evidence shows that if concrete is subjected to
 compressive load while heated, a different thermal strain is measured.
he difference between the thermal strain measured in the case of me-
hanically loaded concrete and the FTS is commonly termed Load In-
uced Thermal Strain (LITS). Many authors have demonstrated that LITS
evelops in the direction of the compressive load and is mainly irrecov-
rable on cooling or unloading [1–8] . 
Since the magnitude of LITS is of the same order as FTS, developing
nd implementing robust numerical concrete constitutive laws that in-
lude LITS is crucial for reliable modelling of the behaviour of concrete
ubjected to heating-cooling cycles. In this regard, it has been demon-
trated that LITS plays a key role, particularly in the case of structural
lements whose thermal deformation is partially or totally constrained,∗ Corresponding author. 
E-mail address: gt384@cam.ac.uk (G. Torelli). 
c  
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vailable online 4 January 2018 
020-7403/© 2018 The Authors. Published by Elsevier Ltd. This is an open access article underhere significant tensile stresses and associated cracking effects may
esult from LITS during cooling [9] . 
Over the last four decades, many authors experimentally studied
ITS developing in uniaxially loaded concrete. Such loading conditions
re relevant for one-dimensional members, as are common in concrete
rame structures. Based on uniaxial transient tests, many models have
een proposed where LITS is considered as a quasi-instantaneous strain
omponent and is expressed as a nonlinear function of stress and tem-
erature history. 
Commonly, 3D LITS models are based on the assumption of the su-
erimposition principle [10–15] ; in other words it is assumed that the
ITS state that develops in the case of multiaxial confinement equals the
um of the LITS states corresponding to each compressive stress compo-
ent applied individually. However, the few multiaxial tests that are
vailable in the literature show that the situation is more complex and
ITS depends on the confinement of the stress state [8,16] . For this rea-
on, a novel approach for modelling LITS as a stress-confinement strain
omponent has been presented by the authors in [17] . The model wasber 2017 
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r  alidated for temperatures up to 250 °C, temperatures representative
f nuclear Prestressed Concrete Pressure Vessels (PCPVs) subjected to
artial fault of their water cooling system. The validation studies were
erformed using experimental data from Petkovski and Crouch [8] . This
ork showed that accounting for the effects of stress confinement was
mportant for accurately calculating stress-states in bulk concrete struc-
ures such as PCPVs used in nuclear power stations. In the present paper,
he 3D extension method proposed by the authors in [17] is adopted for
ormulating a LITS model able to capture the behaviour of multiaxially
onfined concrete subjected to transient temperatures up to 500 °C, tem-
eratures representative of nuclear PCPVs subjected to complete fault of
heir water cooling system. The approach is validated and discussed in
he light of the experimental studies by Kordina et al. [16] . 
. Confinement-dependent LITS model for temperatures up to 
00 °C 
.1. Confinement-dependent 3D implementation method 
A number of 3D LITS models have been formulated by assuming
hat LITS develops isotopically. Accordingly, such models are based on
 formal analogy with the 3D Hooke’s law [10–15] : 
̇  lits 
𝑖𝑗 
= 𝛽( 𝑇 ) 
𝜎𝑢 0 
( − 𝜐lits 𝜎− 𝑘𝑘 𝛿𝑖𝑗 + ( 1 + 𝜐lits ) 𝜎
− 
𝑖𝑗 
) ̇𝑇 (2.1)
Where a 𝛽(T) is the LITS function, i.e. a generic function of tem-
erature aimed at fitting the uniaxial temperature-LITS curve, 𝜎u0 the
ompressive strength of the material, 𝜎ij 
− is the ( i,j )th component of the
egative projection of the stress tensor and 𝜐𝑙𝑖𝑡𝑠 a material parameter
nalogous to the elastic Poisson’s ratio 𝜈. It is worth noting that the ap-
roach reported in Eq. (2.1) is based on the superposition principle and
reats LITS as a confinement-independent phenomenon. In other words,
ccording to this formulation the LITS in a multiaxially loaded specimen
s obtained as the sum of the LITS states produced by each mechanical
oad component independently. 
This assumption is in contrast with the results of the only two sets
f experiments involving transient thermal conditions applied under
ultiaxial compression known by the authors [8,16] . An analysis of
hese results shows that the experimentally measured LITS state under
ultiaxial conditions exceeds that predicted by merely superimposing
niaxial LITS states [19] . This has been explained by postulating the
onfinement-dependency of the two main driving mechanism of LITS,
amely micro cracking and micro diffusion [17] . 
For this reason, the approach of taking the stress confinement into
ccount presented by the authors in [17] has been adopted in this work.
he method consists of including the dependency of LITS on the confine-
ent of stress state in (2-1) by introducing a confinement coefficient 𝜂:
̇  lits 
𝑖𝑗 
= 𝜂 𝛽( 𝑇 ) 
𝜎𝑢 0 
( − 𝜐lits 𝜎− 𝑘𝑘 𝛿𝑖𝑗 + ( 1 + 𝜐lits ) 𝜎
− 
𝑖𝑗 
) ̇𝑇 (2.2)
Where 𝜎− 
𝑖𝑗 
is the i th j th component of the negative projection 𝜎− of the
tress tensor 𝜎. The confinement coefficient 𝜂 is automatically evaluated
t each time step as a function of the negative projections of principal
tresses 𝜎− 1 , 𝜎
− 
2 and 𝜎
− 
3 and of a user-defined triaxiality scaling factor 𝛾:
= 1 + 
(
𝐶 𝑚 − 1 
)
𝛾 (2.3)
 𝑚 = 
|||𝜎− 1 + 𝜎− 2 + 𝜎− 3 |||√ (
𝜎− 1 
)2 + (𝜎− 2 )2 + (𝜎− 3 )2 
(2.4)
Where C is referred to as triaxiality index. m 
888 .2. Uniaxial LITS function for temperatures up to 500 °C 
The confinement-dependent method presented in Eq. (2.2) , ( 2.3 ) and
 2.4 ) was previously employed by the authors to implement a 3D LITS
unction that varied bi-linearly with temperature aimed at capturing the
evelopment of LITS for temperatures up to 250 °C [17] . The bilinear
ITS curve was obtained by defining a constant LITS derivative function
(T) = B and by ensuring that LITS did not develop for temperatures
ower than a user-defined critical temperature, T CRIT . In this model, the
ritical temperature T CRIT represents the experimentally observed tem-
erature threshold of 100 °C above which LITS starts developing signifi-
antly [8] . Such a bilinear curve was conceived as a simple and effective
lternative to the more complex LITS functions available in the litera-
ure, valid for applications involving temperatures up to 250 °C [20–22] .
ne notable application case is the assessment of nuclear power plants
n the case of a partial fault of the cooling system [17] . However, this bi-
inear LITS model fails to capture the markedly nonlinear development
f LITS for higher temperatures. As a consequence, for applications in-
olving temperatures higher than 250 °C, more complex uniaxial LITS
urves need to be adopted. 
Many uniaxial models have been proposed in the past, where LITS
s formulated as a polynomial function of temperature by curve-fitting
he uniaxial tests for temperatures up to 600 °C [20,22] . In this work,
he uniaxial LITS curve has been defined as a fifth-order polynomial of
he temperature. The order of the polynomial was chosen by gradually
ncreasing the degree of the polynomial adopted to curve fit the exper-
mental LITS data reported in Fig. 1 until a good fit was obtained. This
pproach has previously been adopted by Terro, who demonstrated the
uitability of fifth-order polinomials to match experimental LITS curves
btained for various concrete mixes [22] . Accordingly, the confinement-
ependent 3D extension method described in the Section 2.1 has been
pplied to a fourth-order LITS derivative function 𝛽( T ): 
( 𝑇 ) = 𝑏 0 + 𝑏 1 𝑇 + 𝑏 2 𝑇 2 + 𝑏 3 𝑇 3 + 𝑏 4 𝑇 4 (2.5)
Where the polynomial coefficients b 0 , b 1 , b 2 , b 3 and b 4 have to be
hosen so that 𝛽(T) fits the uniaxial LITS curve in the loaded direc-
ion. Table 1 presents different sets of coefficients for various types of
oncrete, which were obtained by fitting data, presented by a range of
uthors via polynomial regression. The corresponding LITS curves were
lotted in Fig. 1 . These curves can be adopted in the case of a predictive
alculation, where it is not possible to test the considered concrete mix.
or concrete mixes whose properties are unknown, a range of calcula-
ions, based on the different curves presented in Fig. 1 or their envelopes
ould be performed, in order to analyse a potential range of material
ehaviours. It should be noted that the sets of coefficients reported in
able 1 for various concrete mixes can be reasonably considered inde-
endent of the stress level. This is because experimental evidence shows
hat LITS can be modelled as directly proportional to stress for moderate
oad levels [18,23] . 
. Constitutive relationship including LITS 
A thermoelastic constitutive relationship including LITS has been im-
lemented in the finite element solver Code_Aster [24] , through the code
enerator MFront [25] . 
.1. Implementation of the LITS model 
The LITS model has been obtained by combining the confinement-
ependent 3D implementation approach described by Eq. (2.2) , ( 2.3 )
nd ( 2.4 ) with the polynomial LITS function 𝛽(T) defined in Eq. (2.5) .
his model has been developed so that LITS results only on first heating
nder compressive load, in accordance to experimental evidence [1–
] . This has been achieved by storing the maximum temperature ever
eached by the material in an internal variable T and imposing theMAX 
G. Torelli et al. International Journal of Mechanical Sciences 144 (2018) 887–896 
Table 1 
Different sets of polynomial coefficients to be adopted for various types of concrete. Coefficients calibrated by curve fitting the experimental data obtained by a range 
of authors: (a) Kordina et al. [16] , (b) Mindeguia et al. [7] , (c) Khoury et al. [18] , (d) Brite Euram III [11] , (e) Anderberg et al. [23] . 
Polynomial coefficients (a) Kordina et al. [16] (b) Mindeguia et al. [7] (c) Khoury et al. [18] (d) Brite Euram III [11] (e) Anderberg et al. [23] 
b 0 [°C 
− 1 ] 2.70E − 05 5.42E − 05 5.19E − 06 − 2.14E − 05 − 7.30E − 06 
b 1 [°C 
− 1 ] − 1.02E − 06 − 1.51E − 06 − 8.26E − 07 − 7.79E − 08 − 8.14E − 07 
b 2 [°C 
− 1 ] 6.12E − 09 8.73E − 09 5.45E − 09 − 1.15E − 10 6.40E − 09 
b 3 [°C 
− 1 ] − 1.26E − 11 − 1.85E − 11 − 1.31E − 11 4.69E − 12 − 1.57E − 11 
b 4 [°C 
− 1 ] 6.92E − 15 1.09E − 14 9.11E − 15 − 1.08E − 14 1.06E − 14 
Fig. 1. Experimental LITS data, per unit load level, presented by various authors (Kordina 
et al. [16] , Mindeguia et al. [7] , Khoury et al. [18] , Brite Euram III [11] , Anderberg 
et al. [23] ) and LITS curves obtained by means of 4th order polynomial functions of the 
temperature 𝜷( T ) calibrated via polynomial regression. 
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p  ncrement in LITS tensor Δ𝜀 lits o ver a generic time step to be null for
emperatures lower than T MAX : 
 
 
 
 
 
Δ𝜀 lits = 0 for 𝑇 ≤ 𝑇 MAX 
Δ𝜀 lits = 𝜂
[
𝛽( 𝑇 ) 
𝜎𝑢 0 
]( (
1 + 𝜐lits 
)
𝜎𝑚 − 𝜐lits 𝑡𝑟 
(
𝜎𝑚 
)
𝐼 
) 
Δ𝑇 for 𝑇 = 𝑇 MAX 
(3.1) 
Where 𝜎
− 
𝑚 
is the mean value of the negative projection of the stress
ensor over the considered time step. Such value is obtained as the mean
f the negative projection of the stress tensor at the beginning of the time
tep 𝜎
− 
𝑖𝑛𝑖 
a nd at the end of the time step 𝜎
− 
f in . 
Similarly, the triaxiality index C m defined in Eq. (2.4) was imple-
ented as a function of the mean values 𝜎− 1 , m , 𝜎
− 
2 , m and 𝜎
− 
3 , m of the prin-889 ipal stresses over the time step: 
 𝑚 = 
|||𝜎− 1 , m + 𝜎− 2 , m + 𝜎− 3 , m |||√ (
𝜎− 1 , m 
)2 
+ 
(
𝜎− 2 , m 
)2 
+ 
(
𝜎− 3 , m 
)2 (3.2) 
.2. General strain decomposition 
The implemented 3D LITS model has been included in a thermo-
lastic constitutive relationship. This resulted in the following general
train decomposition: 
𝜀 tot = Δ𝜀 ela + Δ𝜀 f ts + Δ𝜀 lits (3.3)
Where Δ𝜀 tot , Δ𝜀 ela , Δ𝜀 f ts and Δ𝜀 lits a re the increment in total strain,
lastic strain, FTS and LITS, respectively: 
𝜀 ela = 
1 + 𝜐
𝐸 
Δ𝜎 − 𝜐
𝐸 
𝑡𝑟 ( Δ𝜎) 𝐼 (3.4)
𝜀 f ts = 𝛼Δ𝑇 𝐼 (3.5) 
Where 𝐼 i s the identity matrix, Δ𝜎 i s the stress tensor increment, E
s the Young’s modulus, 𝜐 the Poisson’s ratio and 𝛼 is the coefficient of
hermal expansion. 
.3. Numerical methods 
The mechanical material model defined in Sections 3.1 and 3.2 has
een adopted for static nonlinear mechanical analyses via the finite
lement software Code_Aster [24] through a Newton–Raphson iterative
ethod with tangent matrix prediction [26,27] . The material behaviour
aw has been implemented by the code generator MFront [25] . Locally,
he constitutive law is integrated by means of an implicit procedure
ased on a Newton–Raphson method and a jacobian matrix obtained
hrough a second order finite difference [25] . The model implemented
ere could be easily included in more comprehensive concrete material
odels that include damage, plasticity and creep as required. This is be-
ause the implicit scheme used for the local integration of the material
ehaviour law allows additional strain components to be directly added
o the general strain decomposition described in Eq. (3.3) . 
. Verification studies 
The LITS model described in Sections 2 and 3 has been calibrated and
erified by modelling transient tests performed by Kordina et al. [16] on
oncrete specimens subjected to uniaxial and biaxial stress states. The
bjective of these studies was to compare the strain predictions obtained
y the traditional method of calculating LITS based on superposition,
nd the herein implemented confinement-dependent method for tem-
eratures up to 500 °C. 
.1. Reference experiments 
The reference tests consisted of rectangular parallelepiped-shaped
oncrete specimens subjected to thermal transients under constant uni-
xial or biaxial loading conditions [16] . The mechanical loads were ap-
lied through four hydraulic cylinders, each with a maximum force of
G. Torelli et al. International Journal of Mechanical Sciences 144 (2018) 887–896 
Fig. 2. Mesh, boundary and loading conditions defined for modelling the transient tests reported in [16] : (a) Uniaxial compression (b) Equal biaxial compression. 
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t  000 kN, placed at the inner surface of a high stiffness loading frame.
he thermal load was applied by an electrical furnace, while keeping
he mechanical load constant. 
The sizes of the specimens and loading platens were chosen so as to
btain stress states as close to an ideal biaxial condition as possible. In
articular, concrete specimens having a thickness of 50 mm were sawn
ut of concrete cubes having an edge length of 200 mm. This resulted in
00 ×200 ×50 mm parallelepiped-shaped concrete specimens that were
oaded “in-plane ”, that is, in the directions of their long edges. Moreover,
he restraining friction between loading platens and specimen surfaces
as minimized by applying the compressive forces by means of loading-
rushes constructed as proposed in [28] . A relatively slow heating rate
f 2 °C/min was chosen to guarantee a reasonably homogeneous tem-
erature field throughout the specimen during the thermal transient.
his choice was made to prevent the appearance of substantial thermal
radients through the specimens, owing to structural effects [29] . In this
egard, other authors have found that, provided that the heating rate is
ower than 5 °C/min, it has little or no influence on the development
f LITS [18,23,29,30] . On the other hand, heating rates higher than
 °C/min have been found to cause premature collapses and explosions
29] . 
Temperatures, forces and strains were recorded continuously during
he tests. The temperatures were measured by thermocouples applied to
he surfaces of the specimen. The forces in the specimens were measured
hrough four load cells located between the cylinders and the specimens,
hile the deformations occurring on heating were monitored directly by
 high-temperature measuring device composed of inductive displace-
ent transducers and deformation transmitters arranged along the three
xes. The LITS curve corresponding to a specific load level was obtained
ndirectly as the difference between the total thermal strain curve mea-
ured for a loaded specimen and the free thermal strain measured for an
dentical unloaded control specimen subjected to the same thermal load.
ccording to this definition, LITS implicitly includes the increment in
lastic strain undergone by loaded concrete subjected to transient ther-
als. 
.2. Finite element models 
The specimens were meshed using 64 hexahedral finite elements
ith 8 nodes, with 4 elements along the three directions ( Fig. 2 ). This re-
ulted in a relatively refined mesh along the thickness of the specimens,
llowing the thermal gradients developing in this direction during the
hermal transient to be accurately captured. Kinematic boundary con-
itions were applied so that the specimens were able to deform along
he three axis without rigid body motions. The three faces lying on the890 lanes x = 0 mm, y = 0 mm and z = 0 mm were prevented from transla-
ion in their normal directions, while all the other nodes of the models
ere not constrained. A uniformly distributed pressure 𝜎 was applied to
he faces lying on the planes x = 200 mm and z = 200 mm for modelling
qual biaxial compressive stress states, while only the face at z = 200 mm
as mechanically loaded for modelling uniaxial compressive conditions.
Prior to performing mechanical analyses, a nonlinear thermal anal-
sis was conducted to evaluate the evolution of the temperature field
hroughout the specimen during the thermal transient. The thermal con-
uctivity 𝜆 and volumetric specific heat c v were defined as temperature-
ependent parameters, according to the recommendations provided by
he Eurocode 2 [31] . The thermal conductivity curve 𝜆(T) was defined
s the average of the upper and lower limit functions provided by the
ecommendation. The water evaporation process was implicitly taken
nto account by taking the specific heat capacity as a function of tem-
erature c p (T) , as proposed by Eurocode 2 for an initial moisture content
f 3% by weight. The thermal load was modelled by imposing a constant
ise in temperature to all the nodes lying on the external surfaces of the
pecimen under constant mechanical loads. A heating rate of 2 °C/min
as adopted, equal to the experimental one [16] . 
The thermal expansion coefficient 𝛼(T) was defined as the deriva-
ive of a 6-th order polynomial interpolation of the experimental FTS
urve with respect of the temperature. The polynomial coefficients of
he LITS derivative function 𝛽(T) and the LITS Poisson’s ratio were
alibrated only on the basis of uniaxial LITS curves. Specifically the
oefficients of 𝛽(T) were calibrated so as to match the uniaxial LITS
urve, in the direction of the load, for a load level 𝜎/ 𝜎u0 of 40%. It
hould be noted that, since the experimental LITS curves obtained for
ifferent load levels present small differences in shape, a slightly dif-
erent calibration would have been obtained if 𝛽(T) had been defined
o exactly match the LITS curve shape corresponding to a load level
/ 𝜎u0 of 20%. A LITS Poisson’s ratio of 0.48 was chosen based on the
xperimentally observed ratio between transversal and axial deforma-
ion for uniaxial compressive stresses. In this study, a constant Young’s
odulus of 47,000 MPa was adopted. The heating-induced increment in
lastic strain component, usually modelled by defining a temperature-
ependent Young’s modulus, is here implicitly included in the LITS
odel. This is because the LITS model is calibrated against LITS curves
ncluding such a temperature-driven increment in elastic strain, as dis-
ussed in Section 4.1 . Accordingly, if a temperature-dependent Young’s
odulus was defined, the variation of elastic properties with tempera-
ure would be taken into account twice. 
A traditional and a confinement-dependent version of the LITS
odel were adopted here. In practice, the results corresponding to
he traditional method were obtained by employing the implemented
G. Torelli et al. International Journal of Mechanical Sciences 144 (2018) 887–896 
Fig. 3. Comparison between experimental uniaxial LITS curves [16] and numerical results obtained with the traditional 3D implementation method. Curves obtained in the loaded and 
unloaded directions, for uniaxial compression and load levels 𝝈/ 𝝈u 0 of 20% and 40%. 
Fig. 4. Comparison between experimental uniaxial LITS curves [16] and numerical results obtained with the proposed confinement-dependent 3D implementation method. Curves 
obtained in the loaded and unloaded directions, for uniaxial compression and load levels 𝝈/ 𝝈u 0 of 20% and 40%. 
Table 2 
Material parameters adopted in the simulations with LITS implemented in 3D via (a) Tra- 
ditional and (b) Confinement-dependent methods. 
Material parameter (a) Traditional method (b) Confinement-dependent method 
E 47,000 MPa 47,000 MPa 
𝜈 0.25 0.25 
b 0 2.93 ×10 − 5 °C − 1 2.93 ×10 − 5 °C − 1 
b 1 − 1.10 ×10 − 6 °C − 1 − 1.10 ×10 − 6 °C − 1 
b 2 6.65 ×10 − 9 °C − 1 6.65 ×10 − 9 °C − 1 
b 3 − 1.37 ×10 − 11 °C − 1 − 1.37 ×10 − 11 °C − 1 
b 4 7.51 ×10 − 15 °C − 1 7.51 ×10 − 15 °C − 1 
𝜎u0 57 MPa 57 MPa 
𝜈lits 0.48 0.48 
𝛾 0 2.68 
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e  onfinement-dependent formulation described in the previous sections
nd setting a triaxiality scaling factor 𝛾 = 0. This is because for 𝛾 = 0 the
onfinement coefficient 𝜂 defined in (2-3) equals 1, for any loading con-
ition, therefore reducing the confinement-dependent implementation
ethod described by Eq. (2.2) to the traditional method described by
q. (2.1) . By contrast, the confinement-dependent version of the LITS
odel was obtained by setting a triaxiality scaling factor 𝛾 of 2.8, iden-
ified as the value matching the experimentally obtained LITS loaded
irection for biaxial compression and a load level 𝜎/ 𝜎u0 of 40%. The
mployed material parameters are summarized in Table 2 . 
.3. Results and discussion 
Figs. 3 and 4 show a comparison between experimental uniaxial
ITS curves, and numerical results obtained via traditional method and891 onfinement-dependent method, respectively. As expected, the same
redictions were obtained in the case of traditional and confinement-
ependent method, for uniaxial stress states. This is because, for this
articular loading condition ( 𝜎1 ≠ 0, 𝜎2 = 𝜎3 = 0), the triaxiality index
 m defined in Eq. (2.4) equals 1, and the confinement coefficient 𝜂 de-
ned in (2-3) equals 1 for any value of the triaxiality scaling factor 𝛾. 
By contrast, significantly different LITS were predicted by the two
mplementation methods when modelling tests performed under biaxial
ompressive condition ( Figs. 5 and 6 ). Fig. 5 shows that, if the traditional
D implementation method is employed, the absolute value of the LITS
urves is significantly underestimated for all the analysed cases. This
endency was observed both in the loaded and unloaded directions, for
he considered load levels 𝜎/ 𝜎u 0 of 20% and 40%. 
The general trend of the experimental LITS curves was better cap-
ured when the confinement-dependent model was adopted, as shown
y Fig. 6 . In this case, a particularly accurate assessment of the LITS de-
eloping in the loaded direction was obtained for both the considered
oad levels of 20% and 40%. A significant improvement in the LITS pre-
iction with respect to the traditional method was also obtained in the
nloaded direction, for a load level of 20%. For a load level of 40%, the
ITS development obtained in the unloaded direction was more accurate
he than the one obtained with the traditional method for temperatures
p to 400 °C. However, an overestimation of the experimental results
n the unloaded direction was obtained above this temperature. This is
ainly due to differences in shape of the experimental LITS curves in
he loaded and unloaded direction, which is not captured by either the
raditional or the confinement-dependent model. Specifically, the LITS
n the unloaded direction increases less markedly than the one measured
n the loaded direction for temperatures above 400–450 °C. A possible
xplanation for this is that due to the simultaneous presence of two
G. Torelli et al. International Journal of Mechanical Sciences 144 (2018) 887–896 
Fig. 5. Comparison between experimental biaxial LITS curves [16] and numerical results obtained with the traditional 3D implementation method. Curves obtained in the loaded and 
unloaded directions, for biaxial compression and load levels 𝝈/ 𝝈u 0 of 20% and 40%. 
Fig. 6. Comparison between experimental biaxial LITS curves [16] and numerical results obtained with the proposed confinement-dependent 3D implementation method. Curves obtained 
in the loaded and unloaded directions, for biaxial compression and load levels 𝝈/ 𝝈u 0 of 20% and 40%. 
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l  ompressive principal stresses, the micro cracking mechanism driving
he development of LITS in the unloaded direction starts taking place for
ower temperatures than in the case of uniaxial compression. This might
esult in a relatively early development of LITS in the unloaded direction
nd, consequently, in a more steady increase of transversal LITS with
emperature in the case of biaxial compression. Nevertheless, due to the
carcity of data, caution must be applied in the interpretation of these
esults and more experimental work is needed to fully understand these
echanisms. Overall, the LITS prediction obtained by the confinement-
ependent 3D implementation method was significantly more accurate
han the one obtained by the traditional method. 
The results of biaxial tests simulations have been also plotted in
erms of total thermal strain, i.e. FTS plus LITS, as a function of tem-
eratures ( Figs. 7 and 8 ). For all of the reported load levels and strain
irections, LITS can be seen as the difference between the considered
hermal strain curve and the FTS curve, corresponding to the total ther-
al strain curve in absence of load. Fig. 7 shows that, if the traditional
ethod is implemented, the total thermal stain in the two loaded di-
ections is overestimated, while it is underestimated in the unloaded
irection. The comparison between Figs 6 and 7 demonstrates that the
roposed method generally gives better results in terms of total thermal
train. 
. Study of a PCPV subjected to heating-cooling cycle to 500 °C 
The 3D constitutive model presented in the previous sections has
een applied to assess the behaviour of a typical PCPV of a nuclear Ad-
anced Gas-cooled Reactor (AGR) under severe accidental conditions.
GRs are a type of nuclear reactors where graphite is used as the neu-
ron moderator and carbon dioxide as gas coolant. In these reactors,892 he gas coolant circulates through the core and is contained by a PCPV.
nder normal operating conditions, the temperature of the gas coolant
eaches 500–600 °C, while the temperature of concrete is kept constant
t about 50 °C by a cooling pipes system located into the PCPV, close
o its internal surface. In the case of a complete fault in the cooling
ystem, the temperature of concrete next to the internal surface of the
essel could rise to the temperature of the gas coolant. In this study, a
emporary complete fault of the cooling pipes system was considered.
he effect of the fault duration on the structural behaviour of a typical
CPV is investigated by considering two reference fault durations of 2
nd 14 days, referred to as short term and long term fault, respectively.
uring the faults, the temperature of the internal surface of the PCPV
as assumed to be 500 °C. 
.1. FE model 
A typical nuclear PCPV was considered, having 5-meters-thick walls
nd a pre-tensioning system composed of vertical and hoop tendons –
ee Fig. 9 . The prestressing system was modelled as composed of 8 lay-
rs of tendons uniformly distributed through the thickness of the wall.
s shown from Fig. 9 , the structural behaviour of the lateral wall was
tudied by considering a representative portion located at mid height of
he wall itself. A similar approach was adopted in [17] . 
The representative portion was modelled as a parallelepiped having
imensions 0.5 m × 0.5 mm ×4.5 m, therefore neglecting the effects of
adius of the relatively small curvature of the wall itself – see Fig. 9 .
he concrete matrix was modelled by hexahedral elements, while the
endons were explicitly modelled by bar elements whose nodes were
efined as perfectly bonded to the concrete matrix. An initial prestress
evel of 920 kN was applied to the tendons. The constraining effect of
G. Torelli et al. International Journal of Mechanical Sciences 144 (2018) 887–896 
Fig. 7. Comparison between experimental biaxial FTS curves [16] and numerical results obtained with the traditional 3D implementation method. Curves obtained in the loaded and 
unloaded directions, for load levels 𝝈/ 𝝈u 0 of 20% and 40%. 
Fig. 8. Comparison between experimental biaxial FTS curves [16] and numerical results obtained with the proposed confinement-dependent 3D implementation method. Curves obtained 
in the loaded and unloaded directions, for load levels 𝝈/ 𝝈u 0 of 20% and 40%. 
Fig. 9. Typical PCPV geometry and studied representative portion. Adapted from [17] . 
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iop cap and foundation were assumed to be negligible at mid-height of
he lateral wall [32] . Therefore, kinematic boundary conditions were
efined so as to allow the representative elements to expands along the
hree directions x, y, z . With reference to Fig. 9 , the faces S INT , S LAT1 
nd S INF were prevented from translating along their normal directions,
hile all the other nodes were allowed to rotate and translate along any
irection. The temporary complete fault of the cooling pipes system was
odelled by applying a heating-cooling cycle to the inner surface of the
essel. The temperature histories applied to the internal surface in the893 ases of short and long term fault conditions are shown in Fig. 11 and
ig. 13 , respectively. 
First, two nonlinear thermal analysis were performed to assess the
volution of the temperature field through the wall thickness, for the
hort and long term fault conditions. For the thermal analyses, the pres-
nce of steel tendons was disregarded. Thermal conductivity and vol-
metric specific heat were defined according to the Eurocode 2 [31] ,
sing the same approach described in Section 4.2 for the validation stud-
es. 
G. Torelli et al. International Journal of Mechanical Sciences 144 (2018) 887–896 
Fig. 10. Evolution of the temperature field though the thickness of the PCPV lateral wall. 
Short term fault condition (2 days). x(S EXT ) = 0m, x(S INT ) = 5 m. 
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Fig. 11. Loss in tension in Cable 8 obtained without LITS in the constitutive model, 
with LITS implemented by traditional method ( 𝛾= 0) and confinement-dependent method 
( 𝛾= 2.68); evolution of the temperature at the inner surface of the vessel and at Cable 8. 
Short term fault condition (2 days). 
Fig. 12. Evolution of the temperature field though the thickness of the PCPV lateral wall. 
Long term fault condition (14 days). x(S EXT ) = 0m, x(S INT ) = 5 m. 
Fig. 13. Loss in tension in Cable 8 obtained without LITS in the constitutive model, 
with LITS implemented by traditional method ( 𝛾= 0) and confinement-dependent method 
( 𝛾= 2.68); evolution of the temperature at the inner surface of the vessel and at Cable 8. 
Long term fault condition (2 days). Then, mechanical analyses were performed to assess the loss in pre-
tress due to the applied heating-cooling cycles. The steel of the ten-
ons was modelled as an elastic material, having Young’s modulus
 = 200,000 MPa, Poisson’s ratio 𝜈 = 0.3 and coefficient of thermal ex-
ansion 𝛼 = 8 ×10 − 6 °C − 1 . In order to investigate the effects of LITS and
ts confinement dependency on the behaviour of the PCPV under fault
onditions, three different material models were considered for the con-
rete: 
• A thermoelastic constitutive law including the confinement-
dependent LITS model presented in Sections 2 and 3 . In this case
the LITS triaxiality scaling factor 𝛾 = 2.68 calibrated against experi-
ments was adopted - see the adopted material parameters in Table 2 .
• A thermoelastic constitutive law including a traditional
confinement-independent LITS model. As for the validation
studies, this material model was obtained by employing the
confinement-dependent implementation proposed here and setting
a LITS triaxiality scaling factor 𝛾 = 0 - see the adopted material
parameters in Table 2 . 
• A thermoelastic constitutive law without LITS model. This material
model was obtained by totally deactivating the LITS component in
the material law presented in Sections 2 and 3 . 
.2. Results and discussion 
Due to their massive structure, PCPVs are capable of absorbing heat
fficiently in the case of a fault of the cooling pipes system. Therefore,
f the fault is temporary, only a first layer of the wall is significantly
ffected by the temperature rise at the internal surface of the vessel.
igs. 10 and 12 show the evolution of the temperature field though the
hickness of the wall for short and long term fault conditions, respec-
ively. As expected, the temperature fields obtained demonstrate the
uration of the fault significantly influences the extent of heated por-
ion of the PCPV lateral wall, which ranges from about 1 m in the case
f a short term fault to about 2 m in the case of a long term fault. 
The results of the mechanical analyses are reported Figs. 11 and 13
n terms of evolution of the tension in Cable 8, the closest cable to the
nner surface of the vessel ( Fig. 9 ). As a reference, the evolution of the
emperature at the inner surface and at Cable 8 are also reported in these
wo charts. 
Fig. 11 shows the results of short term fault analyses. It can be ob-
erved that, if the no LITS model is used, an increase in tension in cable
umber 8 is predicted during the heating phase, due to the difference
n FTS of the two materials. On cooling, the increase in tension is com-
letely recovered, due to the perfect-recoverability of the thermal ex-
ansions. If LITS is included, a significant stress relaxation is obtained894 
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 n heating, which is not recovered on cooling. This phenomenon is de-
ermined by the development of an irrecoverable LITS contraction in the
oncrete, which leads to a contraction of the tendons and, consequently,
o a loss in pretension. Fig. 11 also shows that a substantially bigger drop
n tension is predicted by the confinement-dependent method ( 𝛾 = 2.68)
han the traditional method ( 𝛾 = 0). This is because the presence of ra-
ial and hoop prestressing tendons causes a biaxial compressive stress
tate, therefore making the stress confinement effect play a key role in
he mechanical behaviour of the material. The loss in pretension at the
nd of the heating-cooling cycle is 56% and 36% of the initial tension,
or the confinement-dependent ( 𝛾 = 2.68) and traditional ( 𝛾 = 0) meth-
ds, respectively. In other words, about 36% of the loss in prestress
redicted by considering the confinement dependency of LITS is missed
f the traditional method is adopted. 
The results of long term fault analyses are reported in a similar form
n Fig. 13 . As expected, bigger drops in tension are obtained than in the
ase of a short term fault, if LITS is taken into account. This is mainly
ecause higher temperatures are reached in the proximities of Cable 8
nd a bigger portion of the wall is affected by the thermal transient,
herefore making the constraining effect of the unheated portion of the
all less effective. 
The development of LITS during the heating phase leads to a con-
raction of concrete, which in turn produces a loss of tension in Cable
 . A further drop in tension is obtained during the heating phase due
o the recovery of the thermal strains of both concrete and steel. The
harp drop in tension observed for all the considered constitutive laws
t the beginning of the cooling phase is driven by the relatively quick
ooling of the material at Cable 8 . In this case, the overall losses in ten-
ion obtained with confinement-dependent and traditional methods are
9% and 65% of the initial tensions respectively. Therefore, for long
erm fault conditions, about 28% of the tension loss assessed by consid-
ring the confinement effect is missed when the traditional method is
mployed. 
It is worth noting that, in the case of a long term fault, the adoption
f the traditional method leads to a slightly smaller underestimation of
he tension loss than in the case short term fault. This is because, for
his particular type of application, LITS development and the compres-
ive stress level are coupled. At a material level, at the beginning of
he heating phase, the ratio between the LITS developments per unit in-
rease in temperature obtained by the confinement-dependent method
nd by traditional method correspond to the confinement coefficient 𝜂.
owever, as the temperature increases, this ratio decreases, since in the
onfinement-dependent LITS model, the material is subjected to lower
tress than in the case of the confinement-independent one. Therefore,
he LITS development with temperature obtained by these two different
odels cannot be considered proportional. Since higher temperatures
re reached in the case of long term fault conditions, a slightly smaller
nderestimation of LITS is obtained if the traditional method is used. 
The results of these studies show that the development of LITS in
he concrete of a PCPV subjected to an accidental heating-cooling cy-
le leads to a significant stress redistribution along the thickness of the
essel wall. It is also shown that if LITS is not modelled as confinement-
ependent, non-conservative estimates of the stress and strain states are
btained. Specifically, it was found that in the case of long term fault
onditions, the development of LITS could lead to losses in pretension of
0–90% in the closest cables to the inner surface of the vessel. However,
hese findings must be interpreted with caution for two main reasons.
irst, the predicted loss in pretension of 80–90% is a local phenomenon,
hich affects only a relatively thin layer of wall. This might significantly
ffect the behaviour of the liner-concrete interface at the inner surface
f the wall but not jeopardize the global structural performances of the
eactor. Second, these results have been obtained by implementing the
resented LITS model in a basic thermoelastic material behaviour law.
his means that damage, plasticity and creep effects are not taken into
ccount here. Even though the initial stress state of the vessel justifies
he adoption of an elastic material behaviour law, a more precise pre-895 iction of the stress redistribution taking place on heating would be
redicted by implementing the presented LITS model in a more compre-
ensive material behaviour law. This is because the thermal gradients
hrough the thickness of the wall that develop on heating determine the
ppearance of significant compressive and tensile stresses. In particu-
ar, the first layer of material is heated first and tends to expand, caus-
ng significant tensile stresses in the colder inner material, which tends
o expand less. Such tensile stresses could lead to local cracking effects
hich are not accounted for here, therefore affecting the predicted loss
n prestress in the tendons. 
. Conclusions 
This paper presents a confinement-dependent 3D LITS model for con-
rete, to be used for temperatures up to 500 °C. The LITS model is ob-
ained by combining a fourth order polynomial LITS derivative function
ith a confinement-dependent 3D implementation method previously
ormulated and validated for temperatures up to 250 °C by the authors
17] . 
The obtained LITS constitutive relationship is here calibrated and
alidated against transient tests performed under uni- and bi-axial com-
ression for temperatures up to 500 °C. The validated method is next
sed to assess the structural behaviour of a PCPV subjected to 2 and
4-day long accidental fault conditions. 
The following conclusions can be drawn: 
• If a LITS derivative function that accurately assesses LITS develop-
ment for uniaxial conditions is extended to 3D with the traditional
confinement-independent approach, erroneous results are obtained.
In particular, the LITS that develops in both the loaded and unloaded
directions in the case of multiaxial compressive stress states is sig-
nificantly underestimated. This was previously demonstrated by the
authors with a bilinear LITS derivative curve for temperatures up to
250 °C [17] and is here illustrated with a polynomial LITS derivative
curve for temperatures up to 500 °C. 
• If the same uniaxial LITS derivative function is extended to 3D via
the confinement-dependent implementation approach adopted here,
a better prediction of the experimentally observed LITS curves is ob-
tained for temperatures up to 500 °C. Consequently, a better assess-
ment of the total thermal strain, seen as the sum of FTS and LITS, is
provided. 
• In the case of numerical modelling of PCPVs subjected to severe ac-
cidental fault conditions, the inclusion of a LITS model in the consti-
tutive relationship is key to capturing the actual stress redistribution
taking place in concrete and prestressing tendons. If LITS is not in-
cluded, significant losses in the tendons pretension, corresponding
to losses in concrete precompression, are missed. Moreover, these
losses are significantly underestimated if LITS is implemented in 3D
via the traditional confinement-independent method. 
• The mechanical behaviour of PCPV subjected to severe accidental
conditions strongly depends on the duration of the fault. 
• The presented LITS constitutive relationship can readily be included
in existing concrete material models that include damage, plasticity
and creep. 
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